ABSTRACT Bombesin is shown to be a potent mitogen for Swiss 3T3 cells. At nanomolar concentrations the peptide markedly enhances the ability of fresh serum to stimulate DNA synthesis in confluent and quiescent cultures of these cells. In the presence of a low concentration (3.5%) of serum, bombesin stimulates 3T3 cell proliferation. In serum-free medium, bombesin induces DNA synthesis in the absence of any other added growth factor; halfmaximal effect is obtained at 1 nM. The mitogenic effect of bombesin is dependent on dose and time, is mimicked by litorin, and is markedly potentiated by insulin, colchicine, platelet-derived growth factor, and fibroblast-derived growth factor. These mitogens increase the maximal response elicited by bombesin and decrease the bombesin concentration required to produce halfmaximal effect (from 1 nM to 0.3 nM). In contrast, vasopressin, phorbol esters, or cAMP increasing agents fail to enhance the maximal level of DNA synthesis induced by bombesin. Bombesin and litorin may provide useful model peptides for studies on the mechanism(s) by which extracellular ligands control cell proliferation.
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In recent years, a considerable number of new regulatory peptides have been identified in the brain, gastrointestinal tract, and other tissues (1) (2) (3) . Bombesin, a tetradecapeptide originally isolated from frog skin (4) , and bombesin-like peptides have been detected in mammalian brain (5, 6) , gut (5, 7) , and lung (8, 9) . This peptide has potent pharmacological effects on the central nervous system (10) (11) (12) and elicits the release of other peptide hormones including insulin (13, 14) , glucagon (13, 14) , gastrin (5, 7, 14) , cholecystokinin (14) , and prolactin and growth hormone (15, 16) . Bombesin binds to specific surface receptors in pancreatic acinar cells (17) and stimulates ion fluxes (17, 18) and enzyme secretion (17, 18) in these cells.
Recently, several reports demonstrated the presence of high concentrations of bombesin in human pulmonary tumors (19) (20) (21) . This observation and the report that repeated administration of bombesin induced pancreatic hyperplasia in the rat (22) raises the possibility that bombesin could participate in the control of cell proliferation, a proposition that hitherto remained unproven. Indeed, it is difficult to obtain unambiguous evidence for a direct growth-promoting activity of bombesin in vivo because the administration of this peptide stimulates the release of many other biologically active peptides (see above) which could act as proximal effectors of the action of bombesin.
Cultured cells provide a useful experimental system for elucidating the extracellular factors that control cell proliferation without the many complexities of whole animal experimentation. Many mammalian cells in culture, and Swiss 3T3 cells in particular, cease to proliferate and become arrested in the G1/ Go phase of the cell cycle when they deplete the nutrient medium of its growth-promoting activity (23) . Addition of fresh serum or defined growth-promoting factors to such quiescent cells stimulates reinitiation of DNA synthesis and cell division (23) . Ion fluxes (23, 24) , cyclic nucleotides (25) (26) (27) , or cytoskeletal changes (28) may play a role in mediating the action of the extracellular ligands.
In the present paper we report that bombesin is a potent mitogen for Swiss 3T3 cells. At low (namolar) concentrations, bombesin enhances the ability of fresh serum to initiate and support cell proliferation and stimulates initiation of DNA synthesis in Swiss 3T3 cells maintained in serum-free medium. The mitogenic effect is dose-and time-dependent, is specific, and is markedly enhanced by insulin and other growth-promoting agents.
MATERIALS AND METHODS
Cell Culture. Stock cultures of Swiss 3T3 cells (29) were maintained in Dulbecco-Vogt modified Eagle's medium (DME medium) supplemented with 10% fetal bovine serum, penicillin (100 units/ml), and streptomycin (100 ,Ag/ml) in a humidified atmosphere of 10% C02/90% air at 37°C. For experimental purposes, 105 cells were subcultured in 33-mm Nunc Petri dishes with 2 ml of DME medium containing 10% fetal bovine serum and used at least 6 days after the last change of medium. These cells were arrested in the G1/Go phase of the cell cycle as judged by cytofluorometric analysis and by the fact that only 1% of cells were autoradiographically labeled after a 40- (Fig. 4 Right). The potentiation of bombesin action by colchicine, FDGF, and PDGF was further substantiated when DNA synthesis was assessed by the percentage of labeled nuclei after autoradiography ( Table 1) .
The neurohypophyseal nonapeptide vasopressin (34, 35) and the potent tumor promoters of the phorbol ester family (36, 37) stimulate initiation of DNA synthesis in Swiss 3T3 cells by a common mechanism (36) . Neither vasopressin nor phorbol dibutyrate enhanced the mitogenic effect of a saturating concentration (6 nM) of bombesin ( Specificity of Bombesin Stimulation of DNA Synthesis. Several other regulatory peptides were tested both alone and with insulin (1 pug/ml) for their ability to stimulate DNA synthesis in quiescent Swiss 3T3 cells. Litorin, which has a COOHterminal octapeptide in common with bombesin and closely mimics bombesin in its pharmacological effects (10, 17, 18, 38) , is a potent mitogen for Swiss 3T3 cells; the maximal effect was identical to that elicited by bombesin and the half-maximal effect was obtained at 2 nM (results not shown). In contrast, substance P (10-104 ng/ml) or vasoactive intestinal peptide (10-103 ng/ml), which have slight structural similarity to bombesin but do not inhibit the binding of '"I-labeled [Tyr4]bombesin to dispersed pancreatic acini (17) or brain membranes (39), failed to stimulate DNA synthesis. Likewise, somatostatin, cholecystokinin, gastrin, and neurotensin were inactive when tested in a wide range of concentrations (10-103 ng/ml).
Several cell lines, including BALB/c 3T3, BHK, and rat-1, which were rendered quiescent by growth to confluency (BALB/ (Fig. 5) . Addition of bombesin with insulin (1 jig/ml) resulted in a 5-fold increase in cell number. When these peptides were added 3 days after the start of the experiment, they stimulated reinitiation of cell proliferation (Fig. SA, broken line) .
Bombesin stimulated cell proliferation in a concentrationdependent manner; the maximal effect was achieved at 3 nM (Fig. 5B) . The range of bombesin concentration that stimulated increases in cell number was somewhat lower than that required to stimulate DNA synthesis in serum-free medium. This difference can be accounted for by the synergism that exists between the peptide and growth factors contributed by the 3.5% serum present in the assays of cell growth (see Fig. 1 In recent years, there has been a considerable interest in regulatory peptides that act locally in a paracrine (1) or autocrine (42) fashion. An array of recently discovered peptides in the brain and in the gut, including bombesin and bombesin-like peptides, appear to exert modulatory influences on adjacent cells as local hormones or neurotransmitters (1, 2) . Paracrine or autocrine modes of action of biologically active peptides are becoming a matter of intense interest in another recent and rapidly evolving field-namely, that of growth factors released by tumor cells. Production of growth factors by tumor cells may play a role in sustaining a self-stimulatory (autocrine) circuit which may contribute to the unregulated growth of malignant cells (31, 32, (42) (43) (44) (45) (46) (47) . Recently, the level of bombesin has been found greatly increased in samples of small cell carcinoma of the lung (19) , in cell lines established from this type of tumor (20) , and in extracts of tumors grown in the nude mouse (21) . In view of the findings reported here on the potent mitogenic effects of bombesin, it is plausible that enhanced production of bombesin by small carcinoma cells may play a role in the pathogenesis of this important cancer as part of an autocrine circuit which contributes to the rapid growth of the tumor.
